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I N T R O D U C T I O N  
One o f  t h e  sources o f  gas t u r b i n e  a i r c r a f t  engine n o i s e  
t h a t  can be a s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  t o t a l  a i r c r a f t  
n o i s e  i s  combustion no ise .  Measurement o f  combustion n o i s e  i s  
o f t e n  d i f f i c u l t ,  e s p e c i a l l y  when j e t  n o i s e  i s  a t  a l e v e l  equal 
t o  o r  g r e a t e r  t han  t h a t  o f  combustion no ise .  S ince  i n - f l i g h t  
r e d u c t i o n  o f  j e t  n o i s e  i s  g r e a t e r  than t h a t  o f  combustion no ise ,  
combustion n o i s e  can be a major  c o n t r i b u t o r  t o  i n - f l i g h t  n o i s e  
even i f  i t  does n o t  dominate under s t a t i c  c o n d i t i o n s .  The 
s p e c t r a  and d i r e c t i v i t i e s  o f  j e t  and combustion no ises  a r e  very  
s i m i l a r  and do n o t  e x h i b i t  any unique c h a r a c t e r i s t i c s  t h a t  a l l o w  
f o r  i d e n t i f i c a t i o n  o f  j e t  and cornbustion no ises  based on f a r -  
f i e l d  n o i s e  s i g n a t u r e s  a lone .  
To overcome t h i s  d i f f i c u l t y ,  seve ra l  researchers  have 
developed techn iques  t h a t  make i t  p o s s i b l e  t o  d i r e c t l y  measure 
combustion n o i s e  l e v e l s  even I n  s i t u a t i o n s  where o t h e r  n o i s e  
sources, such as j e t  no ise ,  dominate. I n  genera l  these tech-  
n iques  use c ross -spec t ra  between f a r - f i e l d  measurements o r  
between measurements i n  the  engine c o r e  and those i n  t h e  f a r -  
f i e l d .  These techn iques  a r e  based on one o r  b o t h  o f  t h e  f o l l o w -  
i n g  p r o p e r t i e s  o f  c ross-spec t ra :  1 )  S i g n a l s  n o t  common t o  t h e  
two measurements be ing  analyzed a r e  n o t  i n c l u d e d  i n  t h e  c ross -  
spec t ra ;  and 2)  The c ross-spec t ra  c o n t a i n s  w i t h i n  i t ,  t h e  t r a n s -  
f e r  f u n c t i o n  between t h e  two s igna ls  b e i n g  analyzed.  
and f a r - f i e l d  combustion no ise  l e v e l s ,  ob ta ined  u s i n g  these 
techn iques ,  a r e  presented.  
I n  t h i s  r e p o r t  severa l  o f  these techn iques  a r e  desc r ibed  
D E S C R I P T I O N  OF MEASUREMfiNT rECHNIQUES 
Tes te r  and F i s h e r ,  i n  Ref. 1, p resen t  a technique,  termed 
"Automat ic  Source Breakdown Method" u s i n g  c ross -spec t ra  between 
p a i r s  o f  f a r - f i e l d  microphones t o  de termine f a n  i n l e t ,  f a n  e x i t ,  
j e t  and ccmbu;tloii notse levels  f r o m  a t i i rbofan An-*n- clly I I IC .  I c >  Lcr 
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and F i she r  assume t h a t  fan  and c o r e  n o i s e  can be rep resen ted  by 
p o i n t  sources l o c a t e d  a t  t h e  f a n  i n l e t  and e x i t  f o r  f a n  no ise ,  
and a t  the c o r e  e x i t  f o r  c o r e  no ise .  J e t  n o i s e  i s  modeled as a 
d i s t r i b u t e d  source w i t h  a d i s t r i b u t l o n  desc r ibed  by a fo rmu la  
recommended by Glegg i n  Ref.  2. 
source s t r e n g t h  pe r  u n i t  l e n g t h ,  Pa2/M 
t o t a l  s t r e n g t h  o f  j e t  m i x i n g  no ise ,  Pa2 
a x i a l  l o c a t i o n ,  M 
a x i a l  p o s i t i o n  o f  c e n t r o i d  o f  j e t  n o i s e  d i s t r i b u t l o n ,  M 
angu la r  f requency,  rad/sec 
a d j u s t a b l e  parameter 2 2 ( 4 f o r  d a t a  p resented  i n  
t h i s  paper ) .  
Us ing  t h i s  d i s t r i b u t i o n  and t h e  r e l a t i o n  f o r  t h e  c ross-spec t rum 
generated by n m u t u a l l y  i n c o h e r e n t  p o i n t  sources,  t h e  c ross -  
spectrum between two f a r - f i e l d  microphones separated by ang le  
a becomes : 
3 
-jwy, s l n  a AJ(W) (w)e 
1 t j- -- s i n  
C ( a , w )  = 
0 ( w Y J  a 
i =1 a. 
where 
A i  s t r e n g t h  o f  f a n  i n l e t ,  f a n  exhaust  and c o r e  n o i s e  f o r  
f = 1,2,3, Pa2 
4 
a angu lar  separa t ion ,  r a d  
yq a x i a l  l o c a t i o n  o f  f a n  i n l e t ,  f a n  exhaust ,  and c o r e  n o i s e  
f o r  l = 1,2,3, M 
a. = ambient speed o f  sound, M/sec 
a 
Al though Eq. ( 2 )  c o u l d  be so lved f o r  t h e  source amp l i t ude  
by us lng  measured c ross -spec t ra  cor respond ing  t o  f o u r  angu la r  
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separa t i ons ,  T e s t e r  and F isher  recommend u s i n g  a d d i t i o n a l  meas- 
urements t o  de termine t h e  source ampl i tudes  i n  terms o f  a l e a s t  
squares f i t  t o  t h e  more ex tens i ve  s e t  o f  c r o s s - s p e c t r a l  da ta .  
Par thasara thy ,  e t  a l . ,  Ref .  3, a l s o  used c r o s s - s p e c t r a  
between f a r - f i e l d  microphones t o  separa te  j e t  and combustion 
no ise .  T h e i r  approach i s  based on t h e  hypo thes i s  t h a t  j e t  
no i se ,  o r i g i n a t i n g  from moving sources, would have a d i f f e r e n t  
f requency ,  due t o  dopp le r  s h i f t ,  a t  each measurement ang le  and 
thus  j e t  n o i s e  a t  one measurement ang le  would n o t  c o r r e l a t e  
w i t h  t h a t  a t  another  ang le .  Core no ise ,  however, be ing  e m i t t e d  
f r o m  a s t a t i o n a r y  source, would c o r r e l a t e  a t  a l l  angu la r  d i f f e r -  
ences. The hypo thes i s  rega rd ing  j e t  n o i s e  i s  i n  c o n f l i c t  w i t h  
t h e  model o f  Tes te r  and F isher .  Data r e p o r t e d  by F i s h e r ,  e t  a l . ,  
Ref. 4, suppor t  t h e  model o f  Tes ter  and F i s h e r .  The da ta  shows, 
and t h e  model p r e d i c t s ,  t h a t  j e t  n o i s e  a t  one measurement ang le  
does c o r r e l a t e  w i t h  t h a t  a t  another  angle,  b u t  t h e  c o r r e l a t i o n  
decreases w i t h  i n c r e a s i n g  angu lar  separa t i on .  The da ta  i n d i c a t e s  
t h a t  f o r  angu la r  separa t i ons  o f  g r e a t e r  t han  30", t h e  c ross -  
c o r r e l a t i o n  of j e t  n o i s e  i s  approx imate ly  zero  f o r  S t rouha l  num- 
be rs  g r e a t e r  t han  0.1. Thus t h e  approach o f  Par thasara thy ,  
a l t h o u g h  a p p a r e n t l y  based on an i n c o r r e c t  hypo thes i s ,  shou ld  be 
success fu l  if t h e  angu la r  separa t i on  i s  l a r g e .  F o r t u n a t e l y ,  
Par thasara thy  e t  a l . ,  used a l a r g e  angu la r  s e p a r a t i o n  (>  60") 
f o r  t h e i r  exper iment .  
K re j sa ,  Ref .  5, and Shevashankara, Ref .  6, used c ross -  
s p e c t r a  between i n t e r n a l  microphone s i g n a l s  and f a r - f i e l d  m ic ro -  
phone s i g n a l s  t o  de termine combustion n o i s e  l e v e l s .  l h e i r  
approach i s  an e x t e n s i o n  of the "coherent  o u t p u t  power" concept ,  
Refs. 7 and 8, b u t  overcomes t h e  l i m i t a t i o n  t h a t  a l l  o f  t h e  
s i g n a l  a t  t h e  i n t e r n a l  microphone be c o r r e l a t e d  w i t h  t h e  f a r -  
f i e l d  microphone. As  w i l l  be shown l a t e r ,  "coherent  o u t p u t  
power," which uses o n l y  one i n t e r n a l  measurement, underes t imates  
t h e  f a r - f i e l d  combustion no ise  l e v e l s .  
K r e j s a  and Shevashankara, which was f i r s t  d e r i v e d  by Chung, 
Ref. 9, uses two i n t e r n a l  microphones and e l i m i n a t e s  t h e  b i a s  
e r r o r  due t o  n o n c o r r e l a t i n g  s i g n a l s  a t  t h e  i n t e r n a l  microphone. 
Th is  approach i s  r e f e r r e d  t o  by K r e j s a  as "Three-S igna l  Coher- 
ence." The equa t ion  f o r  t h e  f a r - f i e l d  combust ion n o i s e  l e v e l ,  
i n  t h e  fo rm d e r i v e d  by K re j sa  i s :  
The approach used by 
where 
IPFFc(w) I  i s  t h e  spectrum of  t h e  f a r - f i e l d  combclstion no ise ,  Pa 2 
2 I G  '1 'F 
( W ) l  i s  t h e  magni tude o f  t h e  c ross-spec t rum between t h e  
f i r s t  i n t e r n a l  microphone s i g n a l  and t h e  f a r - f i e l d ,  Pa 
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( w )  i s  t h e  magni tude o f  t h e  c ross-spec t rum between t h e  
second i n t e r n a l  microphone s i g n a l  and t h e  f a r - f i e l d ,  
I G Y Z p F  1 Pa 2 
and 
i s  t h e  magni tude of t h e  cross-spect5um between t h e  
two i n t e r n a l  microphone s i g n a l s ,  Pa 
The requ i rements  f o r  t h e  l o c a t i o n  o f  t h e  i n t e r n a l  m ic ro -  
phones are: 1) one microphone should be l o c a t e d  near  t h e  co re  
e x i t  t o  d e t e c t  a l l  combustion n o i s e  generated,  and 2) t h e  two 
i n t e r n a l  microphones must be separated s u f f i c i e n t l y  so t h a t  t h e r e  
i s  no c o r r e l a t i o n  between t h e  p o r t i o n s  of t h e i r  s i g n a l s  t h a t  do 
n o t  c o r r e l a t e  w i t h  t h e  f a r - f i e l d .  
RESULTS 
l y p i c a l  r e s u l t s  u s i n g  t h e  "Automat ic  Source Breakdown Method" 
a r e  shown i n  F i g .  1 ( f r o m  F i g .  9 o f  Ref .  1 ) .  The r e s u l t s  a r e  
shown f o r  a V ipe r  601 a t  90 pe rcen t  eng ine  speed w i t h  an a c o u s t i c  
l i n e r  i n s t a l l e d  i n  t h e  engine t a i l p i p e .  As  can be seen, t h e  
a t tenua ted  co re  n o i s e  l e v e l s  were measured even though these 
l e v e l s  a re  f rom 10 t o  15 dB below t h e  t o t a l  no i se .  
Resu l ts  u s i n g  t h e  " l h r e e - S i g n a l  Coherence," Ref .  5, a r e  
shown i n  F i g .  2 f o r  a YF102 t u r b o f a n  eng ine  a t  95 pe rcen t  eng ine  
speed. Shown a r e  t o t a l  no i se ,  c o r e  n o i s e  de termined u s i n g  t h e  
t h r e e - s i g n a l  coherence" method and p r e d i c t e d  j e t  and f a n  no ise .  
A t  t h i s  englne speed, j e t  n o i s e  dominates; however t h e  t h r e e  
s i g n a l  coherence techn ique  enables t h e  co re  n o i s e  t o  be measured 
even though i t  i s  up t o  10 dB below t h e  t o t a l  n o i s e .  I n  F i g .  3, 
co re  no ise  determined u s i n g  t h e  " t h r e e -  s i g n a l  coherence" tech -  
n i q u e  i s  compared w i t h  t h a t  determined u s i n g  t h e  "coherent  o u t p u t  
power" method. The l e v e l s  determined u s i n g  t h e  "coherent  o u t p u t  
power" method a r e  3 t o  10 dB below those determined u s i n g  t h e  
" t h r e e  s i g n a l  coherence" techn ique.  T h i s  i s  due t o  t h e  presence 
o f  p ressure  f l u c t u a t i o n s  a t  t h e  i n t e r n a l  eng ine  microphone t h a t  
do n o t  c o r r e l a t e  w i t h  t h e  f a r - f i e l d .  The " t h r e e - s i g n a l  coherence" 
techn ique e l i m i n a t e s  t h i s  problem. 
SUMMARY 
Severa l  methods f o r  measuring t h e  f a r - f i e l d  combust ion n o i s e  
These methods make i t  l e v e l s  o f  a i r c r a f t  engines were presented .  
p o s s i b l e  t o  measure combustion n o i s e  l e v e l s  even i n  s i t u a t i o n s  
where o ther  n o i s e  sources, such as j e t  no ise ,  dominate. Sample 
r e s u l t s  a r e  a l s o  presented .  
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FIGURE 1. - (FROM REF. 1)  JET (MIXING) AND 
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MATIC SOURCE BREAKDOWN METHOD". VIPER 
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FIGURE 2. - COMPARISON OF CORE, JET. AND FAN NOISE 
LEVELS TO TOTAL NOISE AT 120' FROM THE ENGINE 
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FIGURE 3.  - COMPARISON OF CORE NOISE LEVELS DETER- 
MI  NED US1 NG THREE SIGNAL COHERENCE TECH# I QUE 
WITH CORE NOISE LEVELS DETERMINED USING COHERENT 
OUTPUT POWER NETHOD. 120' FROM ENGINE INLET. 
YF102 ENGINE AT 95% ENGINE SPEED. 
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